Altuna A, Berganzo J and Fernández LJ (2015) Polymer This manuscript makes a reflection about SU-8-based microprobes for neural activity recording and drug delivery. By taking advantage of improvements in microfabrication technologies and using polymer SU-8 as the only structural material, we developed several microprobe prototypes aimed to (a) minimize injury in neural tissue, (b) obtain high-quality electrical signals, and (c) deliver drugs at a micrometer precision scale. Dedicated packaging tools have been developed in parallel to fulfill requirements concerning electric and fluidic connections, size and handling. After these advances have been experimentally proven in brain using in vivo preparation, the technological concepts developed during consecutive prototypes are discussed in-depth now.
Introduction
Microprobe development for neuronal applications has been refined to reach minimal invasiveness, high reproducibility, and monolithic integration with microelectronics. Reducing the invasive nature of neural probes is a major step while aiming to interfere with neural activity patterns at the cellular level. To this purpose, advances in microfabrication technology have been exploited to integrate high-density sensing sites into a single miniaturized probe for simultaneous discrimination of large neuronal ensembles. Hence, sophisticated fabrication methods have been developed in the microelectronics industry for over half a century. As a result, high reliability and high-volume production levels have been achieved. Furthermore, improvements in communication between microtechnologists and the neuroscientific community were updated in relation with the growth of connection sites, reduction of external signal influence, and autonomy of the device.
In addition to improvements of electronics for neural applications, microfluidic integration gained interest over the last years. In fact, precise and spatiotemporal controlled delivery by microprobes is considered to be one of the most promising directions for delivering pharmacological compounds directly into specific brain regions. From its beginning, silicon technology pioneered the integration of fluidic microchannels into a probe (Chen et al., 1997) . Anisotropic silicon etching, boron etch stop, and thermal oxidation/low-pressure chemical vapor deposition sealing were key steps in putting together microelectrodes and fluidic channels for a first time. Changes in the response properties of isolated neurons during drug delivery confirmed the validity of this approach. Since then, efforts have been devised toward precisely control and monitor fluid movements (Lin and Pisano, 1999; McAllister et al., 2000; Rathnasingham et al., 2004; Neeves et al., 2006; Papageorgiou et al., 2006; Foley et al., 2009; Rohatgi et al., 2009; Pongrácz et al., 2013; Lee et al., 2015) . Recently, multi-shank fluidic silicon probes have been developed for neuroscientific applications (Seidl et al., 2010; Frey et al., 2011; John et al., 2011; Spieth et al., 2011) . Fluidic channels have been successfully integrated into the silicon 3D configuration via isotropic etching and parylene resealing process.
In parallel, polymer-based microfabrication technology has been developed to deal with invasiveness and brittleness associated with silicon (Subbaroyan et al., 2005; Cheung and Renaud, 2006; Mercanzini et al., 2007 Mercanzini et al., , 2008 . Parylene technology has already been reported as an option for fluidic applications (Takeuchi et al., 2005) . A sacrificial photoresist was defined at specific thickness between two parylene layers and later dissolved to create the cavity. As an alternative to this method, thermal bonding was used (Ziegler et al., 2006) . Its main advantages were simplicity, fast production, and the possibility to increase adhesion between the structural layers. Microprobes based on polyimide technology were also developed (Metz et al., 2004) . Sputtering and dry etching technique were used to integrate electrodes on the polymer, and lamination technique was implemented to create the channel. It was concluded that this technology offers versatibility for the design of electrodes and channels in terms of size, number, and position. Also, benzocyclobutene (BCB) has been combined with silicon technology to include both, electrodes and fluidics (Lee et al., 2004) .
Our group has already exploited polymer SU-8 microfabrication technology in order to integrate multiple electrodes and fluidic channels into a single probe. Over the last years, it has been demonstrated that SU-8 polymer provides optimal properties for neural applications (Lu et al., 2006; Cho et al., 2008; Fernández et al., 2009; Altuna et al., 2010 Altuna et al., , 2012 Altuna et al., , 2013 . Its high-aspect ratio capability has enabled good dimensional control, and therefore, probes with vertical sidewalls provided a clean insertion into the soft tissue. In addition, high uniformity and adhesion properties ensured the positioning of the metallic tracks on top of the polymer. Recently, planar electrodes were integrated at probe surface and signal recording improved significantly (Altuna et al., 2012) . Bonding at low temperature and pressure was first suggested as an optimal technique to create embedded microchannels (Blanco et al., 2004; Agirregabiria et al., 2005; Arroyo et al., 2007; Fernández et al., 2009 ). Now, even lower temperature combined with higher pressure has been used to avoid internal forces and to guarantee probe planarity. In all cases, the mechanical suitability of SU-8-based probes were experimentally tested for neural application (Lu et al., 2006; Cho et al., 2008; Fernández et al., 2009; Altuna et al., 2010 Altuna et al., , 2012 Altuna et al., , 2013 . In addition, new achievements regarding probe packaging are addressed in this document. Packaging is known to be a major cost factor in the field of medical microdevices. Therefore, simple, robust, and re-usable housing becomes highly desirable, especially when life-limiting components are used. When electric and fluidic functions are integrated into a single microdevice, all connections have to fit into tight space restriction. Accordingly, our microfluidic SU-8 probes have been displayed every time by a dedicated packaging based on high-resolution 3D printing techniques (Fernández et al., 2009; Altuna et al., 2010 Altuna et al., , 2012 Altuna et al., , 2013 .
Viability Study of SU-8 Microprobes for Neural Applications
Our first SU-8 prototype included novel design and material concepts to allow a flexible microprobe fabrication for a wide range of neural applications ( Figure 1A) . Polymer SU-8 was chosen as an exclusive structural material aimed to integrate miniaturized electrodes and fluidic microchannels. Insertion area was chosen to be considerably larger than typical silicon-based probes during the first stage of development (400 μm × 220 μm) to ensure mechanical stiffness of the SU-8 shank. Six electrodes with a size of 50 μm × 50 μm were placed close to the tip to facilitate recording of neuronal signals close to the delivery radius. Photolithography technique was used to define the pattern of the probe, and metallic layers were coated on top of a thick undeveloped SU-8 layer for the first time by a controlled sputtering process. In addition, SU-8 made microchannels were processed on top by thermocompression based on a recipe developed by Ikerlan/IK4 (Blanco et al., 2004; Agirregabiria et al., 2005; Arroyo et al., 2007) . Preliminary electrical characterization verified the sensing capability of the probe and biological tests confirmed clean delivery into the brain (Fernández et al., 2009 ).
Microprobe Development: Minimal Tissue Damage and Improved Electrical Recording
Once functional viability of the first prototype was verified, the dimensions of the insertion area were reduced in an order of magnitude to limit injury of the neural tissue. Probe lengths and designs were adapted for in vitro experiments and a tetrode configuration was implemented at the tip in order to record activity from small neuronal groups and to discriminate independent neurons ( Figure 1B) . The electrode diameter was set at 20 μm, quite comparable to neuron size. In relation with the fabrication procedure, baking conditions and photolithography exposure dose were optimized to gain resolution of such reduced patterns. This design enabled the recording of extracellular action potentials with peak-to-peak amplitudes comparable to conventional tetrode (Altuna et al., 2010) . Then, in an effort to improve the recording capability of the tetrode, a revolutionary fabrication sequence was developed (Altuna et al., 2012) . The typical gap between the sensing site and tissue was fully eliminated and planar electrodes were located at the probe surface level ( Figure 1C) . In addition, the thickness of the nearest SU-8 layer was reduced to minimize injury at depth brain in vivo recordings. This advances positively impacted on recording capability, as tested experimentally in the rat hippocampus in vivo. Action potentials emerging from individual neurons with high peak-to-peak amplitudes were measured using SU-8 probes.
At this stage, a novel fabrication procedure was developed to better integrate planar electrodes and well-defined microchannels in reduced probe sizes. Once the technological scope was demonstrated (Figure 1D) , we moved forward in order to increase specificity in the application field. The position of the outlets was SU-8 microprobes for neural applications Frontiers in Materials | www.frontiersin.org changed from the lateral side of the probe to the top side in order to place the outlets in the same level as the electrodes (Figure 1E) . Additionally, a linear electrode configuration was developed to facilitate recording from several brain layers simultaneously. In relation to fluidics, two channels with internal dimensions of 40 μm × 20 μm were added. Both channels had independent inlet and outlet ports in order to control drug delivery individually ( Figure 1F ).
Development of Packaging Tools
In parallel to the progress of probe design and microfabrication, packaging was adjusted to each probe prototype. The first packaging was aimed to integrate multiple sensing sites and a single fluidic connection (Fernández et al., 2009) . A proper fixation of the probe into the capsule and an improved sealing ensured pressure application up to 4 bar (Figure 2A) . Next probe design required exclusively electric connection and to facilitate handling in typical experimental setups available at neuroscience research laboratories, therefore, a printed circuit board (PCB) with 16 electric contacts was developed (Altuna et al., 2010) . A conductive adhesive between the microelectrode and electric pad of the PCB enabled a robust connection for electric data transfer ( Figure 2B) . The third design added complexity due to its eight electric and fluidic ports in such a reduced device ( Figure 2C ). With this prototype we recorded for the first time neural ensemble activity in response to local drug delivery at a microscale resolution (Altuna et al., 2013) .
Specific details of early SU-8 microprobe prototypes (Figures 1A-D) and their corresponding packaging (Figures 2A-C) have been already published. Since the last probe and packaging prototype provided us reliable experimental results, both probe and packaging designs are now under a commercialization program by microLIQUID (www.microliquid.com).
Discussion and Future
This manuscript summarizes the evolution of our SU-8 microprobe's design and packaging since its beginning up to the present. The first probe prototype was the master key, since it was demonstrated the viability of polymer SU-8 as structural material for neural applications at fine scale. In each consecutive prototype, electrode design was improved for better signal-to-noise ratio and the fluidic configuration evolved to multiple independent microchannels facing the same side of the electrode. Accordingly, our three packaging designs not only conceived to ensure reliable connections but also easy manipulation. Just as technological aspects of the probe and packaging were improved over time, the complexity of the experiments also increased until simultaneous functionality for depth electrical recording and drug delivery in the brain at a scale of few hundreds of micrometers was demonstrated. Future steps will be focused on chronic neural applications aimed to gain better spatiotemporal control of drug delivery and recording during long-term experiments. In this direction, specific packaging tools will be manufactured with the aim to get a compact probe-packaging ensemble.
